In this communication, we present the utility of the Master/Slave (MS) method in combination with the coherence revival technique to obtain full axial range Optical Coherence Tomography (OCT) cross-section images. The MS method eliminates two major drawbacks of the conventional Fourier Transformed (FT) based OCT technology when applied to the coherence revival technique: the need of data re-sampling as well as the need to compensate for unbalanced dispersion in the interferometer.
INTRODUCTION
Both implementations of spectral or Fourier domain OCT, spectrometer (Sp) based and swept source (SS) respectively, can be used to produce cross-sectional OCT images with high speed and high sensitivity. SS-OCT has some advantages over the Sp-OCT including a higher imaging speed, longer axial range and provides a more uniform sensitivity over the axial range, which enables deeper structures to be visualized in a single A-scan. Although SS-OCT technology seems to win over Sp-OCT in most of the cases, there are some applications that could benefit from an even more extended imaging range. However, due to the finite coherence length of the lasers used, the axial imaging range is still limited. An exception from this makes the new vertical-cavity surface-emitting lasers (VCSEL) and akinetic light sources, which can provide a long axial range, exceeding 1 cm. However, both VCSEL and akinetic light sources commercially available at the moment, are more costly than the microelectromechanical system (MEMS) SSs widely available and do not cover yet all spectral ranges of interest for OCT.
An elegant solution to increase the axial range in SS-OCT is the application of the coherence revival (CR) technique, exhibited by some commercially available external cavity tunable laser (ECTL) swept sources [1] [2] [3] [4] [5] . The CR method employs the interference between the waves reflected from the interferometer arms that originate from waves that suffered different multiple reflections inside the swept laser cavity. For the interference to occur, the difference between the optical path lengths of the interferometer arms are mismatched by an integer multiple of the roundtrip laser cavity length. This method is easy to implement, as only the optical path difference (OPD) between the two arms of the interferometer needs to be altered. As no additional hardware is required, the axial resolution is in principle not affected while the sensitivity drop is negligible.
However, there are two penalties in implementing the CR via the conventional Fast Fourier Transform (FFT) based method. First, the k-clock equipping the ECTL swept source becomes unusable for correct data digitization. Second, intensive dispersion compensation is required. While for compensating for the dispersion in the interferometer both hardware optical methods and software methods can be implemented, to compensate for the dispersion due to the laser cavity, only software solutions can be used.
In the present report, we demonstrate the utilization of the recently introduced MS method [6] in combination with the CR technique [7] . A total different operation is employed by the MS technology (Fig. 1, right) , where the FFT operation is replaced by a parallel batch of comparator operators. The channeled spectrum (CS) is compared with P masks producing P signals along P separate wires, for the P points of the A-scan, all signals delivered in parallel. The masks are CS replicas measured with a mirror placed at different optical path difference (OPD) values (as explained more below). The serially provided signal in conventional technology is replaced by multiple signals, a signal for each OPD point along a line in depth in the object investigated. The MS method has three advantages: (ii) (ii) based on comparing like with like, tolerant to nonlinearities in the process of coding the OPD into the wavenumbers in SS-OCT and to nonlinearities in decoding the wavenumbers to OPD in Sp-OCT, so there is no need of any resampling/linearization (iii) (iii) no need for correction for dispersion in the interferometer. We show here that when the MS method is combined with the coherence revival, the two disadvantages of the CR manifest when using the conventional FFT based method are eliminated, with a further advantage in manipulation of number of depths in the B-scans. In conventional OCT, to obtain the reflectivity profile, A(z), versus depth z, the integral of the product between the channeled spectrum CS(ϕ k,z ) from the sample and the kernel function e jkz has to be calculated, where ϕ k,z is the phase of the measured channeled spectrum.
Due to nonlinearities in the decoding procedure, from spectrum to time, typical for a real spectrometer in Sp-OCT or in coding path differences to spectrum in SS-OCT, the CS is chirped. A second source of nonlinearity in wavenumber k is that due to dispersion in the interferometer. Therefore, the phase is not directly proportional to k, but expressed in a general way as ϕ k,z =g k z+h k . The parameters g k and h k take into account the non-linear dependence of the phase on the k and on dispersion left unbalanced in the interferometer respectively [8] . If the FFT technique is employed, to eliminate the effect of the chirping, the kernel function e jkz is left untouched, while each CS is first resampled then multiplied with a function that cancels the effect of the dispersion (Fig. 2) .
In opposition, the MS method is immune to the amount of unbalanced dispersion in the system or to the non-linearities of the spectra. Its implementation is the same in both conventional and CR based SS-OCT systems. The MS strategy consists in modifying the kernel function jkz e in Eq. (1) rather than processing the CS. To produce a single point in the Ascan, instead of a FFT, an integral of the product between the CS and a new kernel function ( , ) (denoted as complex masks) is performed [7] . Figure 2 . Procedure steps required to produce an A-scan profile using the FT based OCT (top) and to produce a single reflectivity value using the MS method (bottom).
As shown in Fig. 2 , the MS-OCT method requires a single processing step once data acquisition is performed, while the conventional FFT-OCT method is more time demanding, as several sequential steps are required in order to produce an A-scan. The procedure to produce an A-scan using MS is much simpler than the one to produce it using the traditional FFT based method:
1. With a high reflector as object, two or more experimental channelled spectra corresponding to different axial positions of the object are stored in the memory of the computer. This step is performed only once for a given experimental set-up, before data acquisition.
2.
The experimental CS recorded at the step above are then used to theoretically infer N z complex masks ( M % ) [7] . This step, which is normally performed before data acquisition, needs to be repeated only if the axial range of the image is modified or the number of axial points the A-scans is computed at needs to be modified.
3.
A cross-sectional image can be produced by multiplying two matrices [6] [7] , one containing the experimental channelled spectra while the other one, the masks M produced at step 2.
EXPERIMENTAL SET-UP
A schematic diagram of a CR based SS-OCT imaging system assembled for this study is depicted in Fig. 3 . As optical source, an ECTL swept source (Axsun Technology) exhibiting coherence revival was employed. It has a central wavelength of 1060 nm, a sweeping range of 106 nm (at 10 dB according to the manufacturer) and 100 kHz line rate. In Fig. 3 , the optical cavity present within the swept source is also depicted.
Using this system, the sensitivity drop-off profile vs. the axial position z was produced (Fig. 4) for a roundtrip of the waves through the cavity (CR order +1) as well as for the non-CR case (order 0). Due to the roundtrip of the waves through the cavity, the channelled spectra exhibit an amplified chirping in top of that due to the unbalanced dispersion in the interferometer. 
CONCLUSIONS
The MS-OCT can be an ideal tool for CR-OCT imaging systems. The coherence revival makes the production of long axial range, mirror term free cross-sectional images in OCT possible. The MS technique simplifies it even further, as it eliminates the need of data resampling and the need for dispersion compensation in the interferometer or due to the optical cavity in the SS bringing speed in the production of OCT images and simplifications in assembling CR OCT systems.
As reflectivity of a single point only is delivered by such an integral calculation, the MS method may look slower than the FFT based method. The apparent disadvantage in speed of the 1 st report [6] was initially fully compensated by using graphic cards [5] , later on by developing a simplified faster correlation algorithm [10] and more recently by invoking fast multiplication of matrices [7] that can be calculated on CPUs. Even more, here we demonstrate that for some sets of number of sampling points, the method is faster in displaying cross section OCT images than the FFT based OCT methods; however, the Mater/Slave method eliminates the disadvantages of the FFT method in terms of dispersion compensation and data resampling, as well as provides en-face images direct.
